We assessed cerebral blood flow (CBF) and cerebrovascular reactivity (CVR) within gray matter (GM), normal appearing white matter (NAWM) and white matter (WM) lesions in a group of multiple sclerosis (MS) patients. Furthermore, correlations between CBF, CVR and age were investigated. 31 MS patients and 25 healthy controls (HC) were examined on a 1.5 T MRI scanner, using pseudo-continuous arterial spin labeling MRI. MS vs HC CBF and CVR differences were assessed in GM regions of interest (i.e. resting state networks and vascular territories), and within WM. Correlations between CBF/CVR and age were then computed for MS and HC groups. Whereas no significant CBF and CVR differences were observed between MS and HC in any of the considered brain areas, significantly lower CBF was found in WM lesions with respect to NAWM (p < 0.001) in MS patients. Furthermore, CVR was significantly correlated with age in HC, but not in MS patients. The relatively low-grade of inflammation of our MS cohort may be associated with the observed lack of significant CVR differences between MS patients and HC. The loss of correlation between CVR and age in the MS group suggests that CVR may be influenced by MS-related factors.
Introduction
Multiples sclerosis (MS) is a chronic inflammatory disease of the central nervous system that is characterized by progressive neurologic degeneration, eventually leading to irreversible disability as well as impaired cognition in around 60 % of patients. (Reich et al. 2018 ) Although its pathogenesis is not completely clear, growing evidence suggests that vascular aspects play an important role in the disease. (Spencer et al. 2018; D'Haeseleer et al. 2011) Alterations in the brain blood barrier permeability are well established features of the pathology. (Spencer et al. 2018) Moreover, a higher prevalence of cardiovascular risk factors and cardiovascular diseases (e.g. hypertension, hyperlipidemia, ischemic heart disease, congestive heart failure, stroke and diabetes) has been observed in MS patients with respect to the healthy population. (Marrie et al. 2015) The development of magnetic resonance imaging (MRI) sequences like Arterial Spin Labeling (ASL) has allowed for the measurement of brain perfusion without the use of exogenous contrast agents. The ASL technique has further encouraged the investigation of cerebral blood flow (CBF) in MS, confirming a body of evidences that points toward altered cerebral perfusion in MS patients. (Lapointe et al. 2018) Several MRI studies showed reduced CBF in MS patients with respect to healthy controls (HC) within normal appearing brain tissue (Law et al. 2004; Debernard et al. 2014; Adhya et al. 2006 ) and in chronic white matter (WM) lesions, (Haselhorst et al. 2000; Li et al. 2014 ) while higher CBF Laura Pelizzari and Maria M. Laganà contributed equally to this work.
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was shown in active WM lesions with respect to normal appearing white matter (NAWM) in MS and WM in HC. (Wuerfel et al. 2004) Recently, Marshall and colleagues used ASL to investigate the cerebrovascular reactivity (CVR), namely the response of brain perfusion to a vasoactive stimulus, in MS. Marshall et al. 2016) In their studies, participants were scanned while breathing a 5% CO2 gas mixture, in order to highlight potential neurovascular coupling alterations. They reported CVR reduction in diffuse gray matter (GM) regions, in specific functional networks (i.e. frontoparietal, somatomotor, ventral attention and default mode networks) and in the whole WM in MS patients with respect to HC. Marshall et al. 2016 ) Furthermore, GM CVR was found to correlate with WM lesion load. Marshall et al. 2016 ) However, CVR has not yet been investigated separately in NAWM and in WM lesions. Although Marshall's group speculated that the CVR alterations observed in MS could be due to higher levels of nitric oxide as a result of chronic inflammation, vascular reactivity is influenced by several interrelated factors. (Koudriavtseva et al. 2015) Many vasodilators and constrictors derived from the endothelium, neuronal innervation and glial cells are involved in CBF regulation. (Koudriavtseva et al. 2015; Smolinski and Czlonkowska 2016) Also blood pressure plays an important role in brain perfusion control. (Smolinski and Czlonkowska 2016) Furthermore, vascular changes can occur in physiological conditions due to aging. (Liu et al. 2012; Tsvetanov et al. 2015) Correlations between age and CBF have been previously observed in MS patients, (Amann et al. 2012) but no studies have investigated the relationship between age and CVR in MS.
The aims of this study were: 1) to assess CBF and CVR differences between MS and HC within GM and WM regions of interest (ROIs) to corroborate previous findings showing altered perfusion and reduced CVR in MS; 2) to assess CVR within MS WM lesions with respect to NAWM; 3) to test if the association between CVR and age was preserved in the MS patient group.
Material and methods

Demographic
Thirty-one MS patients and twenty-five HC participated in this study. The inclusion criteria were: 1) being either a healthy individual or bearing MS diagnosis according to the revised 2010 McDonald criteria and a relapsing remitting or secondary progressive disease course; 2) no cardiovascular and/or metabolic diseases; 3) no psychiatric disorders and/or neurologic disease other than MS; 4) for persons with MS, having undergone a proton density PD/T2-weighted scan within 6-12 months of the current examination to evaluate potential change of the lesions number and their spatial dissemination. The exclusion criteria were the following: 1) relapses occurring within 3 months of the MRI scan; 2) steroid treatment or changes in the disease-modifying treatment within 3 months of the examination; 3) body mass index (weight/ height 2 ) higher than 30; 5) being left-handed. The disability of MS patients was quantified with the Expanded Disability Status Scale (EDSS) by an experienced neurologist, within two weeks of MRI scan. Furthermore, we recorded if the MS patients were following a diet at the time of the scan, since recent findings reported the potential interrelation between diet, microbiome and inflammation in MS. (Petta et al. 2018; Saresella et al. 2017 ) MS participants were consecutively recruited from the Multiple Sclerosis Unit of the IRCSS Fondazione Don Gnocchi in Milan. The study was approved by the Fondazione Don Carlo Gnocchi ONLUS Ethics Committee and it was performed in accordance with the principles of the Helsinki Declaration. Written informed consent was obtained from all participants.
MRI acquisition
MRI data was collected with a 1.5 T Siemens Magnetom Avanto scanner, using a 12-channel head coil. Participants were instructed not to take caffeine, alcohol or nicotine within 6 h of the MRI scan. (Marshall et al. 2016) The MRI protocol included the acquisition of dual-echo turbo spin echo proton density PD/T2-weighted scan (repetition time (TR) = 5550 ms, echo time (TE) =23/103 ms, matrix size = 320 × 320 × 45, resolution 0.8 × 0.8 × 3 mm 3 ) to evaluate WM lesions. Furthermore, a high-resolution T1-weighted 3D image was acquired as anatomical reference, using a magnetization-prepared rapid acquisition with gradient echo (MPRAGE) sequence (TR = 1900 ms, TE = 3.37 ms, TI = 1100 ms, matrix size = 192 × 256 × 176, resolution 1 × 1 × 1 mm 3 ). Multi-delay pseudo-continuous ASL (pCASL) with background suppressed 3D gradient and spin echo (GRASE) readout (Wang et al. 2013 ) was recorded with the following parameters: TR/TE of 3500/22.58 ms, labeling duration of 1500 ms, 5 postlabeling delays (PLD) of [700, 1200, 1700, 2200, 2700] ms, 12 pairs of tag/control images for each delay, a matrix size of 64 × 64 × 32, resolution of 3.5 × 3.5 × 5 mm 3 , and a distance between the center of imaging slices and labeling plane of 90 mm. Beside the twelve pairs of tag/control images, three control images (i.e. M0 images) were also recorded with TR of 5000 ms. Multi-delay pCASL was acquired twice, first at normocapnia (i.e. with the subject breathing room air), and then at hypercapnic normoxia. Hypercapnic stimulus consisted of breathing a gas mixture of 5% CO 2 , 21% O 2 , and 74% N 2 from a Douglas bag through a face mask. During both acquisitions, the endtidal CO 2 (ETCO 2 ) was measured with a multigas monitor (Fukuda Denshi Dynascope DS-8100). ETCO 2 was sampled every 2 s, and recorded values were stored in text files using an in-house made software. Furthermore, the participant heartbeat was continuously monitored with a pulse oximeter during the ASL scans. The two pCASL scans were acquired without subject repositioning, by switching the air intake path from the room to the Douglas bag. In order to acquire the hypercapnia-scan in steady state, a time-lag of approximately 2 min was set between the beginning of the air mixture inhalation and the pCASL sequence acquisition at hypercapnia. During this time gap, a 2D T1-weighted anatomical image with the same orientation and slice thickness of pCASL scans was acquired (TR/ TE = 393/12 ms, matrix size = 128 × 128 × 26, resolution = 1.7 × 1.7 × 5 mm3, 1.45 min long). Overall, the adopted experimental set-up for the hypercapnic stimulus administration replicated the one described by Marshall and colleagues. 
MRI analysis
All MRI data processing was performed with FMRIB's Software Library (FSL, http://www.fmrib.ox.ac.uk/fsl), unless otherwise specified. All the images were visually inspected to perform a quality check before the image processing.
WM lesion processing
PD images of all the recruited MS patients were compared with the respective previous scans acquired within 6-12 months of the current evaluation by an experienced neuroradiologist. Potential changes in lesion number and in their dissemination in space were evaluated. Then, the neuroradiologist segmented all the WM lesions on the current PD image, using Jim 6.0 software package (http://www.xinapse.com/). The identified lesions were counted and the volume of each one was computed and compared to the ASL image voxel. The percentage of lesions with volume smaller than the ASL voxel size was computed. Then, WM lesion masks were registered to the corresponding MPRAGE image with Advanced Normalization Tools (ANTs -http://stnava.github. io/ANTs). Finally, lesion filling was performed with the lesion_filling tool to avoid misclassification of the hypointense voxels of WM lesions during the segmentation. 
ASL data processing
For each subject, CBF maps in normocapnic and in hypercapnic conditions (CBF normo and CBF hyper respectively) were derived from multi-delay pCASL data, using the same processing steps. A schematic representation of the processing pipeline is reported in Fig. 1 (panel a) . Firstly, tag and control images were aligned and corrected for motion-induced artifacts with ANTs. Secondly, perfusion weighted images were calculated with the oxford_asl tool. (Chappell et al. 2009 ) Model parameters were set as recommended in a previous study performed with a 1.5 T scanner (T1 of blood tissue = 1.2 s, T1 of blood = 1.36 s, tagging efficiency = 0.8). (Wang et al. 2013 ) Finally, CBF maps were computed with the asl_calib tool. (Chappell et al. 2009 ) The calibration was performed taking into account the CSF magnetization values extracted in ventricles from M0 images. The obtained CBF maps were adjusted for partial volume effect (PVE), by considering the GM component as having a 2.5 times greater perfusion signal than the WM one. (Johnson et al. 2005; Marshall et al. 2014) From PVE corrected GM/WM CBF maps in normocapnic and hypercapnic conditions, the CVR was computed as represented in Fig. 1 (panel b) . Specifically, GM/WM PVEcorrected CBF normo and CBF hyper maps were registered to 2D T1-weighted image space with a linear transformation using ANTs. Then, CVR maps were computed for each subj e c t a n d e a ch ti s s u e ( G M a n d W M ) a s f o l l o w : [(CBF TISSUEhyper -CBF TISSUEnormo )/ CBF TISSUEnormo ]*100/ (ETCO 2hyper -ETCO 2normo ), where ETCO 2hyper and ETCO 2normo represent the mean ETCO 2 measured for each subject during the acquisition performed in nomocapnic and hypercapnic conditions, respectively. PVEcorrected GM CBF maps derived in nomocapnic and hypercapnic conditions were used to compute GM CVR maps, while PVE-corrected WM CBF maps derived in nomocapnic and hypercapnic conditions were used to compute WM CVR maps. Finally, PVE-corrected GM/WM CBF normo maps and CVR maps were registered to MNI space using ANTs.
Assessment of signal-to-noise ratio of ASL images
Signal-to-noise ratio (SNR) was computed for each subject both within GM and WM. SNR was computed from aligned and motion-corrected tag and control images. Specifically, GM and WM masks were registered to ASL space and thresholded at 95%. The 12 repetitions of tag images were averaged for each TI. The same was performed for control images. Mean tag images were subtracted from respective mean control images at each TI. The mean signal within GM and WM masks was extracted from the difference images. From the same images, noise was computed as the standard deviation of the intensity within a region of interest placed in the background where no ghost or structured artifacts existed (sphere, radius = 8 mm).
CBF and CVR values extraction
Resting state network (RSN) GM atlas parcels, (Yeo et al. 2011) and GM vascular territories (VT) atlas parcels were used as masks to extract the median CBF normo and CVR values for each subject (from PVE-corrected GM CBF normo maps and CVR maps). The RSN atlas was chosen according to the previous study performed by Marshall's group, (Marshall et al. 2016 ) in order to produce comparable results. The evaluation was performed also within vascular territories as we hypothesized that the location of potential CBF normo / CVR alterations could be related to specific supplying arteries.
For each subject, the median CBF normo and CVR in the whole WM for HC, and within NAWM and WM lesion masks for MS patients were also computed (from PVE-corrected WM CBF normo maps and CVR maps). 
Results
Participants
Demographic and clinical characteristics of the enrolled 25 HCs and 31 MS patients are reported in Table 1 . MS and HC groups were matched for age and sex (median age 8 [19.9-66.9 ] years, females/males = 11/14 and 17/14, for HC and MS respectively). No significant difference in terms of body mass index was observed between the two groups. The MS group (29 relapsing remitting MS, 2 secondary progressive MS) was characterized by a median EDSS of 1.5 (range = 1-7) and a median disease duration of 8 years (range = 2-36 years). Sixteen MS patients received either immunosuppressive or immunomodulatory treatment within a year of the scan (6 copaxone, 1 fingolimod, 3 interferon-beta, 5 tecfidera, 1 natalizumab). Furthermore, seventeen MS patients were following a highvegetable and low-protein diet at the time of the scan.
MRI data assessment
All the participants completed the MRI protocol and all the acquired images were classified as good quality scans (i.e. no evident movement artifacts, acceptable through-plane blurring) ( Supplementary Fig. 1 ). The number of lesions and their dissemination in space was found to be unchanged within 12 months of the examination for all the MS participants. The median percentage of the number of lesions presenting a smaller volume compared to the ASL voxel size was 80.8%, with an interquartile range of [72.3%-89.1%]. Good signalto-noise ratio was observed both in GM and WM (Supplementary Table 1 ). An example of CBF map is reported in Supplementary Fig. 2 .
CBF normo and CVR comparison between MS and HC within GM ROIs
No significant differences were observed within all the RSN and VT GM parcels, either for CBF normo or for CVR, when MS and HC individuals were compared. The median CBF normo /CVR and the associated interquartile range (IQR) computed for MS and HC groups within the RSN and VT GM parcels are shown in Supplementary Table 2. (Table 2) .
Correlation between age and CBF normo /CVR
In HC group, CBF normo showed a significant inverse correlation with age in ventral attention RSN ( (Table 3) . CVR extracted within all GM ROIs and WM showed a significant inverse correlation with age in HC (min RSN r = −0.433, p = 0.031, observed within frontoparietal RSN; min VT r = −0.422, p = 0.027, observed within left posterior cerebral artery VT; WM r = −0.488, p = 0.025) but not in MS (Table 4) .
Correlation between lesion load, EDSS, disease duration and CBF normo /CVR
No significant correlation was found between lesion load, EDSS, disease duration and CBF normo /CVR within any GM ROIs, NAWM and WM lesions in the MS patients (Supplementary Table 3 ).
Discussion
The main findings of this study were the reduced CBF in WM lesions with respect to NAWM in the MS group, the comparable CVR between MS and HC, and the loss of significant correlation between age and CVR in MS patients. These results support previous findings of a vascular component involvement in MS disease. (Spencer et al. 2018) Perfusion alterations in WM MS lesions have been previously reported in several studies performed with different imaging techniques. Specifically, increased CBF was consistently observed in active lesions with respect to NAWM, with both dynamic susceptibility contrast perfusion imaging (Wuerfel et al. 2004 ) and dynamic contrast-enhanced imaging. (Gaitan et al. 2011) On the other hand, hypoperfusion was observed in chronic WM lesions when compared to NAWM in MS and WM in HC, likely due to reduced metabolic needs. (Haselhorst et al. 2000; Li et al. 2014; Narayana et al. 2014) Based on these evidences, (Haselhorst et al. 2000; Li et al. 2014; Narayana et al. 2014 ) and on the fact that all the enrolled MS participants were observed to be radiologically stable, the majority of the WM lesions of our MS patients were probably chronic.
The relatively low-grade of inflammation of our MS cohort may be associated with the lack of significant CVR differences between MS patients and HC that we observed. Inflammation is widely accepted to modulate microcirculation, (Wuerfel et al. 2007 ) thus Marshall and colleagues has ascribed the CVR reduction that they observed in MS, to vascular habituation stemming from chronically high concentrations of nitric oxide in MS patients, as a result of inflammation. Marshall et al. 2016) In this study we could not confirm these results. In line with their hypothesis, the comparable CVR levels that we observed between MS and HC groups may be associated with a relatively low-grade inflammation in our MS patient cohort. In this framework, also the fact that more than half of our recruited patients were following a high-vegetable low-protein diet has to be considered, because recent studies showed that diet impacts on microbiota, which in turn may improve clinical parameters in MS patients by promoting anti-inflammatory mechanisms. (Petta et al. 2018; Bhargava and Mowry 2014; Saresella et al. 2017; Freedman et al. 2018) The combined evaluation of CVR, measurement of nitric oxide metabolites (e.g. nitrate/nitrite) in CSF, and inflammation markers may help to clarify the role of nitric oxide in CVR alterations, in addition to their association with inflammation. Nitric oxide is just one of the several interrelated factors that contribute to brain arterioles vasodilation. (Koudriavtseva et al. 2015 ) Both endothelial dysfunction due to oxidative stress and inflammation, and increased resistance in postcapillary venules should be considered as pathways potentially leading to CVR alterations. (Koudriavtseva et al. 2015) In addition, aging is a biological component that physiologically influences both brain perfusion and vascular reactivity. The association between aging and decreased CBF and CVR is well established in HC. (Liu et al. 2012; Tsvetanov et al. 2015) The CBF-age interaction was confirmed also in this study, even though the limited sample size of the HC group may have prevented us from consistently showing a significant correlation in all the considered GM ROIs. On the other hand, significant, robust correlations were found between age and CVR within WM and all the considered RSN and VT atlas GM parcels for HC. For the MS group, the significant correlation that was observed between age and CBF for all GM ROIs is in line with the findings of a previous study performed on 165 MS patients, showing an inverse correlation between age and mean cortical CBF in MS. (Amann et al. 2012 ) However, in contrast to HCs, no significant age-CVR correlations were found in the MS patients. Other MS-related factors may influence CVR in MS patients, suggesting potential alterations of small intracranial vessels reactivity due to MS, in agreement with Marshall's hypothesis. Cerebral hypoperfusion has already been shown to be associated with axonal degeneration, focal lesion formation, cognitive dysfunction, disability and fatigue in MS. (D'Haeseleer et al. 2015; Doche et al. 2017; Inglese et al. 2007 ) Furthermore, CVR has been shown to inversely correlate with lesion load, but no association has been reported between EDSS and CVR as of yet. Marshall et al. 2016 ) However, the involvement of MSfactors in CVR alterations has been investigated only in small cohorts of MS patients, with limited EDSS span and low median disability, therefore no firm conclusions can be drawn yet. In our study, neither EDSS, disease duration, nor lesion load were found to be correlated with CVR. The limited variance of EDSS, disease duration and lesion load in our MS cohort may have prevented us from detecting significant correlations between these parameters and CVR ( Supplementary  Fig. 3 ). Nevertheless, the loss of correlation between CVR and age that we observed suggests that CVR might be more sensitive than CBF to alterations in MS patients characterized by low disability, and that it may be an interesting marker for longitudinal evaluations. The relatively limited sample size is one of the major limitations of this study. Beside this, a limitation that has to be considered is the magnetic field strength of our MRI scanner. Data acquired at 1.5 T inherently has a lower signal-to-noise ratio with respect to greater field strengths. Nonetheless, we decided to use multi-delay pCASL with background suppressed 3D GRASE readout sequence in order to increase the signal-to-noise ratio as much as possible. Although through-plane blurring may be present when this sequence is used, the quality of our images was considered acceptable. Comparable estimates of global GM CBF normo with respect to recent Marshall's studies performed with ASL and 3 T scanner were obtained with our 1.5 T scanner (mean global GM CBF normo ± std. = 45.5 ± 8.1, and 47.5 ± 10.4 in Marshall's and our HC groups respectively). As to CVR, much lower measures were obtained with respect to Marshall's ones (mean global GM CVR ± std. = 5.8 ± 1.6, and 2.4 ± 1.1 in Marshall's and our HC groups respectively; mean WM CVR ± std. = 6.1 ± 3.0, and 2.9 ± 1.3 in Marshall's and our HC groups respectively). Nevertheless, hypercapnic stimulus-related CBF increases are characterized by wide variability, and our measures were within the normality range. (Juttukonda and Donahue 2017; Kety and Schmidt 1948) CBF and CVR estimates within the WM are known to be more problematic than GM ones, especially when a 1.5 T scanner is used. (van Gelderen et al. 2008 ) However, WM signal was observed to be higher than noise for all the participants in this study and our estimate of WM CBF in HC is within the typical range (17-28 ml/100 ml/min). (Juttukonda and Donahue 2017) . Another limitation that has to be mentioned is that the 80.8% of WM lesions of MS patients had a smaller volume than the ASL voxel size. Therefore, the ASL signal within WM lesion masks may refer to the average signal of the actual WM lesion and of the NAWM surrounding it. This could increase the likelihood of false negatives. However, since we observed significantly lower CBF in WM lesions, the findings here reported could be considered robust.
In conclusion, although we were not able to show any significant CVR difference between MS and HC, apparently due to the relatively low-grade of inflammation of the recruited MS patients, we showed that the correlation between CVR and age was lost in MS. Investigating the correlation between CVR and MS-factors in a wider sample is warranted to shed more light on the role that vascular component plays in MS.
Acknowledgements Prof. Danny JJ Wang (UCLA, CA, USA) provided us with the pCASL sequence.
Funding This study was in part funded by a grant awarded by the Annette Funicello Research Fund for Neurological Diseases.
Data availability The datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable request.
Compliance with ethical standards All the procedures were approved by the Fondazione Don Carlo Gnocchi ONLUS Ethics Committee and were conducted in accordance with the 1964 Helsinki declaration.
Conflict of interest
The authors declare that they have no conflict of interest.
Informed consent Informed consent was obtained from all the participants included in the study.
